Abstract. We present a plasmonic switch based on anisotropic structure consisting of graphene and silicon layers, such as one-dimensional photonic crystal. The plasmonic wave in this switch is propagated inside MgF 2 core surrounded by two periodic arrays of graphene/silicon. By changing the chemical potential of graphene leading to the change of permittivity of anisotropic array, we can adjust the propagation length of plasmonic wave. The obtained results show that, at the frequency of 30 THz with adjusting the chemical potential of graphene, the chemical potential of 0.4 eV and 0.2 eV can be obtained for the ON and OFF states, respectively. In addition, the ON/OFF ratio is about 24.
Introduction
Recent studies have been focused on integrated plasmonic devices for their applications in optical circuits in order to be used in telecommunication and data transmission, causing the development of plasmonic devices in recent years [1] . The study on THz range for use in the areas of semiconductors, medicine, defense, telecommunication, sensors and spectroscopy has been an interest of researchers [2] [3] [4] . The studies were carried out on the propagation of plasmonic wave in a two-dimensional graphene [5, 6] . The grapheme-based plasmonic nanostructures surrounding the plasmonic wave in small sizes, which are adjustable with the chemical potential and gate voltage, can be used to fabricate the integrated plasmonic devices in the range of infrared to terahertz [7] [8] [9] . The proposed structure for designing the plasmonic switch and studying the e ects of various physical phenomena on the switch e ciency has been reviewed [10] . The switching performance of graphene plasmonic waveguides for phase and extinction modulations has been studied and shown that are highly con gurable with the change of Fermi levels of graphene waveguide [11] . In addition, a non-resonant all-optical nonlinear graphene plasmonic waveguide has been investigated, which has a high switching speed with an extinction ratio of 18.14 dB working at the THz frequency based on photo-induced absorption change [12] . Graphene plasmonic response in the Pauli blocking regime can cause the spectral shifts of Fano resonances that can enable the re ective modulation by nearly an order of magnitude [13] . In addition, it has been shown that the interaction between graphene and light can be utilized to extract the optical parameters of graphene [13] . When the imaginary part of conductivity of graphene becomes positive by applying a gate voltage or changing the chemical potential, graphene acts like a thin layer of metal and can support the plasmonic waves [14] . Graphene is a two-dimensional material of carbon atoms bonded to each other in a honeycomb structure. Doped graphene with smaller frequencies compared to the frequencies of optical phonons is capable of carrying the low loss plasmons and high loss levels of plasmons caused by the transitions between bands, which can be eliminated by high doping concentrations [15, 16] . Recent studies have shown that the fabrication of graphenebased plasmonic devices has bene ts in some ways compared to gold and silver due to the adjustability by changing the impurities and gate voltage [14] . The plasmonic devices are capable to propagate or block the plasmonic wave. In this regard, the plasmonic switches based on graphene have been investigated at di erent frequency ranges [17, 18] . In addition, the e ect of cover anisotropy on the propagation of plasmonic wave in plasmonic waveguides has been studied [19, 20] .
Materials and method
The proposed plasmonic switch can be observed in sides of a dielectric material with the permittivity of " d = 1:88.
Since the one-dimensional photonic crystal is an anisotropic material, permittivities " x and " z are parallel with and perpendicular to the direction of radiation, respectively. For the double-layer structure, the permittivities parallel with and perpendicular to the direction of radiation can be derived from [21] .
where f is the lling factor of graphene in the anisotropic graphene/silicon structure; " si is the permittivity of silicon; g and " g are the conductivity and permittivity of graphene, respectively, which can be calculated using the Kubo formula as follows [14, 22] :
where k B , !, j, e, T ,~are the Boltzmann constant, angular frequency, imaginary unit, charge of electron, absolute temperature, and reduced Planck's constant, respectively. Also, 0 = 377 is the impedance of air, is the e ective thickness of graphene (is considered 0.3 nm in here), k 0 = !=c is the vacuum wave vector where c is the speed of light, and is the chemical potential of graphene, which can be changed by the applied bias voltage.
I m ( g ) can get positive or negative values, where graphene acts as a thin metallic layer for positive values, so it can support the surface plasmon polariton waves. Figure 2 shows the real and imaginary parts of the conductivity of graphene. As this gure shows, I m ( g ) > 0 for almost all ranges of frequency and The interband and intraband transitions a ect the conductivity of graphene. When the chemical potential increases, the intraband transition is dominant; so, the conductivity is entirely due to the intraband transition. In the proposed switch structure of Figure 1 , it is assumed that the core has been occupied between 0 < z < d space. The plasmonic wave with the TM polarization propagates at both common boundaries of the core and anisotropic coverage. The plasmonic wave has two electrical components, E x and E z , and only one magnetic component, H y = H(x; z). The magnetic eld inside the core is formed by the superposition of two exponential terms as: H y1 (x; z)=A exp(ikx+ 1 z)+B exp(ikx 1 z); (3) in the down and up clad-core interfaces: H y2 (x; z) = C exp[ikx + 2 z];
respectively, where A, B, C, and d are constants; k is the surface plasmon wave vector; 1 and 2 are the reverse penetration depths in the core and clad, respectively, de ned as follows:
In order to satisfy the continuity conditions of magnetic elds at the clad-core interface and considering the electric eld, the dispersion relation can be obtained using [19] :
Note that k = k 0 + ik 00 is complex with the real and imaginary parts. According to the imaginary part of k, one can calculate the propagation length of surface plasmon polariton inside the waveguide using L = 1=(2k 00 ) [19] :
Changing the chemical potential of graphene and the physical structure of waveguide, we can control the length of plasmonic wave propagation inside the waveguide. Figure 3(a) shows the variations of Re(" x ) and Re(" z ) versus the frequency in the terahertz range, with the applied chemical potential = 0:5 eV for three di erent lling ratios f = 0:11, 0.13, 0.157. As shown in this gure, Re(" x ) is negative for all frequencies, so the clad behaves like a metal. When lling ratio f is changed, the clad permittivity will change; consequently, we can adjust the propagation length of plasmonic wave. Figure 3(b) shows the variation of propagation length versus the frequency. This property enables us to build devices, such as switches and gates, which can pass waves in a certain range of frequency and cannot pass in other ranges. Figure 3(c) shows the e ect of physical structure on the propagation length. Changing the physical structures, such as the lling ratio and core thickness, will cause the exibility of waveguide.
In Figure 3(d) , we can see the exibility of waveguide by changing the graphene chemical potential. The main advantage of using graphene in the structure is the exibility of waveguide behavior without modifying the physical structure and frequency.
The curves of Figure 3 have been plotted for the case of using three-layered graphene. Increasing the number of graphene layers causes the propagation length of plasmonic wave to increase. A switching behavior could be observed by adjusting the chemical potential of graphene. This means that, with a high value of chemical potential, we have a high propagation length of plasmon polariton wave, whereas, with a low value of chemical potential, the propagation length will be very low or not at all [23] .
Results and discussion
The structure of electro-optic switch shown in Figure 1 has a length of 5 m. In addition, the thickness of core inside which the wave propagates is 50 nm, and the lling factor is f = 0:017 (the e ective thickness of graphene is proportional to the thickness of a unit cell of anisotropic coating). The core is MgF 2 with the permittivity of " d = 1:88. On the other hand, graphene has one layer in the switch structure. The simulation has been performed using a speci c port on the plasmonic waves inside the switch. Changing the chemical potential in the graphene layer, the propagation length would be adjustable. Figure 4 shows the variation of propagation length versus the chemical potential in Figure 5 shows the pro le of electric eld in the vertical and horizontal directions of waveguide. For the chemical potential = 0:2 eV, the plasmonic wave loss inside the waveguide is high, whereas, with the chemical potential = 0:4 eV, the plasmonic wave passes with very low loss. Figure 5(c) shows the pro le of electric eld in the vertical direction. As can be observed, the electric eld is concentrated inside the core; also, the maximum intensity therein occurs at the clad-core interface. If we de ne the transmission rate of plasmonic wave for the switch structure as the ratio of output electric eld to the input electric eld:
as shown in Figure 5 , for the OFF state, approximately 4% of input plasmonic wave reaches the output, whereas, for the ON state, almost 96% of plasmonic wave will be transferred to the output. This means that we have achieved the transmission rate of plasmonic wave equal to ON/OFF = 24.
Conclusions
In this paper, a plasmonic waveguide based on an array of graphene/silicon in the terahertz frequency range, acting as a plasmonic switch, was presented. It was observed that, in this waveguide, we could adjust the propagation length by changing the physical structure of clad and the chemical potential of graphene. Therefore, hereby, we are able to design a new plasmonic switch. In addition, we observed that, at the frequency of 30 THz with the chemical potential of graphene equal to 0.2eV, the propagation length of plasmonic wave is low, whereas, for the chemical potential of graphene equal to 0.4eV, we have a high ratio for the propagation length of plasmonic wave with respect to the switch length. As a nal result, we are able to design a plasmonic switch with the transmission rate of plasmonic wave equal to ON/OFF = 24.
